The aim of this study was to evaluate the transport phenomena of smoke flow and vertical temperature distribution in a 21-story stairwell with multiple fire locations and openings. A large eddy simulation (LES) method was used to model the smoke flow in a stairwell model with a set of simulation parameters, wherein the fire heat release rate (HRR) and fire location were varied. Based on the results, a wall attachment effect was found in three-dimensional figures. Moreover, with an increase in the fire HRR, the effects were more pronounced. The simulation results verified that the vertical temperature distribution is an index model with a natural logarithm, where the pre-finger factor and attenuation coefficient increase considerably in accordance with an increase in the fire HRR. Moreover, there was a decrease in the maximum temperature (T m ) with an increase in the fire location factor (h*) due to the upward thermal smoke. Moreover, heat mainly accumulates in the area above a fire source. However, h* has a slight influence on the time required to reach T m within the range of 53-64 s. Furthermore, the direction of the airflow at each side opening in the stairwell varied in accordance with the variation in the fire location changes, and a regular calculation was carried out.
Introduction
In recent years, a significant number of skyscrapers have been constructed to fully utilize vertical space and to reduce land occupation. However, there are several fire safety problems in relation to high rise buildings [1] [2] [3] [4] [5] . A notable case is that of the teacher apartment building fire in 2010, in Shanghai, China, which resulted in 58 fatalities. The fire spread to the 28th floor in less than 4 minutes with the help of stack effects; thus, the majority of people had no time to escape. Another significant case is that of the closed-circuit television (CCTV) Cultural Center Building fire, which led to 17 casualties and economic losses of 160 million yuan in 2009 [6] .
In a high rise building fire, the fire plume rapidly develops due to many flammable exterior insulation materials and internal flammable items. Moreover, the high-temperature and toxic smoke are fatal. Based on studies, casualties caused by smoke account for approximately 40-70% of fire-related casualties in high-rise buildings. It is common knowledge that the smoke in building fires mainly consists of asphyxiating gases, such as carbon monoxide, hydrogen cyanide, and hydrogen chloride, which may cause people to faint or suffocate. For example, the MGM Grand fire occurred in 1980 in the United States and led to 85 fatalities, most of which were located on the upper floors, which were a distance away from the fire source, as the fatalities were due to toxic smoke. [3] [4] [5] [6] [7] . Furthermore, the stack effect intensifies flame propagation in high rise buildings, which results from the difference between the densities of the warm internal air and cold external air [4] [5] [6] [7] [8] [9] . In addition, the stack effect is more pronounced in vertical shaft structures with an increase in height, by which the thermal smoke moves more rapidly from the lower to upper floors.
Owing to this, it is necessary to evaluate smoke flow in vertical shaft structures, such as the stairwells of high-rise buildings. Several researchers have conducted studies on smoke flow in the stairwells or shafts of building spaces over the last decades. Marshall [10] conducted experiments on a five-story stairwell model and observed thermal smoke and the changes in temperature. Tamura [11] evaluated the characteristics of the temperature distributions of fire-induced smoke in high-rise buildings. In addition, it was reported that the distributions of the openings have an influence on the pressure and temperature distribution within a five-story stairwell, with the fire located at the bottom and with two openings. A basic physical phenomenon and a relationship were found during their study on the mixing process of combustion. Chow and Cooper [12, 13] further developed a model on smoke flow driven by buoyancy based on previous studies. Moreover, a set of equations was developed to simulate the combined buoyancy-and ventilation-driven flow through long vertical shafts. Zukoski [14] investigated the mixing process in a stairwell and predicted the relationship between the rest time and height of the opening, and thus introduced the Boussinesq approximation into the calculation. Qin [15] evaluated the effects of mass of air entrainment on the average temperature in a stairwell with a fire located on the bottom floor by varying the heat release rates (HRRs). The results revealed that the HRR has a significant effect on the distribution of the smoke, temperature, and velocity. Gao [16] deduced a steady-state model of temperature distribution in a stairwell with a top opening and one fire location based on multi-element region simulation. The results indicated that the upper average smoke temperatures in the fire room decrease with an increase in the HRR, and the heat pressure induced by smoke in the stairwell increases with an increase in the HRR and opening height. Zhang [17] conducted experiments at the University of Science and Technology of China (USTC) Large Space Experiment Hall to determine the temperature distribution at the top and bottom of a shaft, and then established a model of the shaft temperature and velocity distribution in a stairwell with only one fire location. Ji et al. [18] evaluated the transport characteristics of the thermal smoke flow driven by turbulent mixing in a stairwell with one fire location at the bottom, changing the opening height during experiments. Their results revealed that the opening height has a significant impact on the air entrainment, and further clarified turbulent mixing in stairwells.
In previous studies, experiments and simulations were conducted on the smoke flow induced by adjacent fires in shafts with the fire source only located at the bottom. With an increase in the height of the fire location, different amounts of ambient air that flowed into the stairwell had a significant influence on the combustion process and smoke flow. Moreover, most previous studies were conducted in stairwells with openings set at a fixed height. The height of openings and fire locations have an influence on the turbulent mixing movement. However, the effects of the fire locations, opening height, and number of openings on the upward smoke flow in stairwells were not addressed in previous studies. Furthermore, the effect of fire HRRs has not been studied systematically, although they have been studied. Regarding the research, due to limited time and cost in experiments, several complex and comprehensive fire conditions were difficult to evaluate in previous experiments, and minimal studies have been conducted using a series of simulations focused on the fire case. Therefore, phenomena based on fire dynamics and slight differences may be neglected, such as the wall attachment effect, otherwise known as the Coanda effect. When the smoke moves upward in the shaft, it continuously entrains the air; whereas the left wall surface of the shaft restricts the smoke entrainment, thus resulting in smoke attachment onto the left side of the wall [19] [20] [21] [22] . Harrison and Spearponit [23] observed this phenomenon in a study on an adhering spill plume.
In this study, to make the research more comprehensive, the numerical method was used to simulate fire-induced smoke flow through a 21-story stairwell in a high-rise building model. The aim of this study was to investigate the transport phenomenon of thermal smoke, and to determine the flow field in the stairwell under the stack effect with changing fire heights, HRRs, and openings height in the stairwell. In addition, the temperature distributions were considered with respect to different simulation configurations, and the simulation results were used to verify the theoretical model.
Simulation Setup
In this study, fire dynamics simulator (FDS) 2018 was used to simulate fire-induced environments, and it includes two models, namely, the direct numerical simulation (DNS) and large eddy simulation (LES) [15, 24] . Given that the focus of this work is on buoyancy-driven thermal smoke flow, LES was employed for the simulation. Prior to the simulation, a model should be built. Then, a train of grids should be set and divided into basic units according to the grid independence; thus, a reliable grid-set can be obtained. Thereafter, general fire parameters, such as the temperature, velocity, visibility, and gas concentration can be monitored and outputted after the computation, which is mainly based on viscous fluid equations, i.e., the Navier-Stokes equations [24] .
Simplified Model and Configurations
Modeling: In this paper, the selected building is a 21-storey office building located in the Cross-border E-Commerce Comprehensive Experimental Zone (Hefei, China). Figure 1 shows a model of the whole building ( Figure 1A ) based on the Computer Aided Design (CAD) of the building ( Figure 1B ).
of this study was to investigate the transport phenomenon of thermal smoke, and to determine the flow field in the stairwell under the stack effect with changing fire heights, HRRs, and openings height in the stairwell. In addition, the temperature distributions were considered with respect to different simulation configurations, and the simulation results were used to verify the theoretical model.
Simulation setup
Simplified Model and Configurations
Modeling: In this paper, the selected building is a 21-storey office building located in the Crossborder E-Commerce Comprehensive Experimental Zone (Hefei, China). Figure 1 shows a model of the whole building ( Figure 1A ) based on the Computer Aided Design (CAD) of the building ( Figure  1B) . However, to save computational cost and enhance the simulation accuracy, a simplified model was applied in this paper, presented in Figure 2 , simulating the stairwell (as well as compartment) of a 21-story high rise building with a height of 89.8 m. The building parameters of the stairwell are presented in Table 2 . Each floor was of a different height, ranging from 3. However, to save computational cost and enhance the simulation accuracy, a simplified model was applied in this paper, presented in Figure 2 , simulating the stairwell (as well as compartment) of a 21-story high rise building with a height of 89.8 m. The building parameters of the stairwell are presented in Table 1 Thereafter, the mesh size was reduced to further refine the mesh. According to the FDS user Guide, the characteristic diameter of the fire source D* could be used to conduct a grid independence study, as shown in Equation (1):
where Q is the HRR of the fire source, kW; ρ 0 is the air density, kg/m 3 ; c 0 is the air specific heat, kJ/(kg· • C); T 0 is the ambient temperature, K; and g is the acceleration of gravity, m/s 2 . According to the FDS user Guide, the ratio of D*/δ (δ is the side length of the mesh), which implies good computational accuracy, should be in the range of 8-12. Considering the fire HRR of 3 MW as an example, the most suitable mesh length is in the range of 0.12-0.18. At last the one type of grid (0.2 m × 0.2 m × 0.2 m) was chosen after preforming a grid independence. The total number of grids is 55 × 20 × 452 = 4.972 × 10 5 . Besides, for the stability of the numerical transmission, the grid was configured as only one set of grids rather than several sets.
In addition, the lining material of the stairwell construction was specified as "CONCRETE", and its density, specific heat, and conductivity were 2200 kg/m 3 , 0.88 kJ/(kg K), and 1.2 W/(m K), respectively [24] [25] [26] . The ambient temperature was 20 • C, and the area of the fire source was 0.5 m 2 . Detailed information was listed in Table 2 . Table 2 . Detailed information on simulation setup.
Subject Content
The type of action Layout of measuring point ----Several sensor planes were positioned in the model to obtain the temperature distribution and smoke flow for a qualitative analysis. However, an accurate quantitative study should be based on detector results; thus, more probes, such as thermocouples and velocity sensors, were employed in the model as follows. For the recording of the temperature, 21 thermocouples were positioned in the gaps between two stairs in the model, as showed in Figure. 3. For the recording of the velocity; similarly, the sensors were placed in the gap in the middle of the stairwell in the simulation model. These measurement points were placed in the same line in the model and their coordinates can be expressed as (3, 1.5, z). All these placement in the model are clearly presented in Figure 3 . Layout of measuring point --Several sensor planes were positioned in the model to obtain the temperature distribution and smoke flow for a qualitative analysis. However, an accurate quantitative study should be based on detector results; thus, more probes, such as thermocouples and velocity sensors, were employed in the model as follows. For the recording of the temperature, 21 thermocouples were positioned in the gaps between two stairs in the model, as showed in Figure 3 . For the recording of the velocity; similarly, the sensors were placed in the gap in the middle of the stairwell in the simulation model. These measurement points were placed in the same line in the model and their coordinates can be expressed as (3, 1.5, z). All these placement in the model are clearly presented in Figure 3 . Configurations: In this simulation, the most critical factor was the fire source, which includes the fire HRR and fire location. Moreover, two types of models were applied, namely, the uniformopening stairwell and non-uniform opening stairwell along the length varying from each other with respect to the number of openings and their locations.
Group I: There are seven tests conducted in the model that differ from each other with respect to the fire HRRs, which range from 0.1-3.5 MW. This group of tests was designed to evaluate the influences of different HRRs. Moreover, the HRRs simulated in this section were selected according to combustion tests of common flammable objects that piled up in the stairwell [28] [29] [30] [31] . Moreover, this was carried out with reference to previous studies [15] [16] [17] [18] .
Group II: Nine tests were conducted, which differ from each other with respect to the atria fire location in uniform-opening stairwell and non-uniform opening stairwell, respectively. There were four tests conducted on the uniform-opening stairwell model (there are openings on all floors), varied only with respect to the fire location, i.e., at Floors 1, 5, 10, and 15, respectively. Another five tests were conducted on the non-uniform opening stairwell model (there are only two openings for the air flow loop). With a change in the height of the fire location, the height of the side opening changed as well. However, the side opening was still located on the same floor as the fire source, which allowed for a classic stairwell model to be established.
The details are listed in Table 3 . Configurations: In this simulation, the most critical factor was the fire source, which includes the fire HRR and fire location. Moreover, two types of models were applied, namely, the uniform-opening stairwell and non-uniform opening stairwell along the length varying from each other with respect to the number of openings and their locations.
The details are listed in Table 3 . 
Results and Discussion

Effects of Fire Size
During the simulations, several types of HRRs were considered, i.e., 0.5 MW, 1.0 MW, 1.5 MW, 2.5 MW, and 3.5 MW. Figure 4 was obtained from the FDS, in which there was a sharp increase in the velocity of smoke flow in accordance with an increase in the fire HRR. In addition, with an increase in the height, there was a decrease in the velocity of smoke flow from 2.5 m/s near the fire to 1.75 m/s away from the fire on the top floor. The buoyancy plume driving force decreased in accordance with an increase in the distance from the fire source. Moreover, an increase in the fire HRR would contribute to a more pronounced wall attachment effect on the side away from the fire. The air near the side wall (especially the left side) was identified to move at a higher speed, namely, most of the air flow was in the forward direction along the wall at a high speed.
Buoyancy-driven thermal smoke has a significant influence on the temperature distribution in a stairwell [18] . Based on Figure 3 , the influence of the fire HRR on the temperature distribution in the stairwell could not be clearly determined. Hence, the temperatures recorded using the thermocouples placed on each floor during the simulations were employed for further evaluation. Figure 5 presents the changes in temperature with respect to different fire HRRs (0.5 MW, 1.5 MW, 2.5 MW, and 3.5 MW), wherein curves of different colors represent different heights. It was concluded that an increase in the power of the fire source resulted in an increase in the temperature of the stairwell. At a fire HRR of 0.5 MW, the maximum temperature of Floor 1 was 80.3 • C, whereas at a fire HRR of 3.5 MW, the maximum temperature of Floor 1 was 241 • C, which is nearly greater than the value at a fire HRR of 0.5 MW by a factor of 3. Furthermore, the temperature curves of the lower floors were few and widely spaced; whereas for higher floors, the temperature curves were closely spaced. In particular, the temperature difference in the near-fire area was more pronounced, and the temperature difference in the area far away from the fire was smaller. velocity of smoke flow in accordance with an increase in the fire HRR. In addition, with an increase in the height, there was a decrease in the velocity of smoke flow from 2.5 m/s near the fire to 1.75 m/s away from the fire on the top floor. The buoyancy plume driving force decreased in accordance with an increase in the distance from the fire source. Moreover, an increase in the fire HRR would contribute to a more pronounced wall attachment effect on the side away from the fire. The air near the side wall (especially the left side) was identified to move at a higher speed, namely, most of the air flow was in the forward direction along the wall at a high speed. Buoyancy-driven thermal smoke has a significant influence on the temperature distribution in a stairwell [18] . Based on Figure 3 , the influence of the fire HRR on the temperature distribution in the stairwell could not be clearly determined. Hence, the temperatures recorded using the thermocouples placed on each floor during the simulations were employed for further evaluation. 2.5 MW, and 3.5 MW), wherein curves of different colors represent different heights. It was concluded that an increase in the power of the fire source resulted in an increase in the temperature of the stairwell. At a fire HRR of 0.5 MW, the maximum temperature of Floor 1 was 80.3 °C, whereas at a fire HRR of 3.5 MW, the maximum temperature of Floor 1 was 241 °C, which is nearly greater than the value at a fire HRR of 0.5 MW by a factor of 3. Furthermore, the temperature curves of the lower floors were few and widely spaced; whereas for higher floors, the temperature curves were closely spaced. In particular, the temperature difference in the near-fire area was more pronounced, and the temperature difference in the area far away from the fire was smaller. To further evaluate the temperature variation with respect to the fire HRR and increase in height, the maximum value of the temperature increase is presented in Figure 6 , wherein curves of different colors represent different heights. Figure 6 shows that the slope of the red curve (Floor 1, 1.5 m) had the maximum slope, whereas the gray curve (Floor 21, 85.5 m) had the minimum slope. In particular, with an increase in the height, the influence of the fire HRR decreased. This was due to the cold air caused by the air entrainment [3, 18] , which resulted in a decrease in temperature due to the neutralization of hot and cold air. In addition, the temperature difference increased in accordance with an increase in the fire HRRs. Hence, higher fire HRRs result in larger temperature differences, and an increase in height also results in larger temperature differences. To further evaluate the temperature variation with respect to the fire HRR and increase in height, the maximum value of the temperature increase is presented in Figure 6 , wherein curves of different colors represent different heights. Figure 6 shows that the slope of the red curve (Floor 1, 1.5 m) had the maximum slope, whereas the gray curve (Floor 21, 85.5 m) had the minimum slope. In particular, with an increase in the height, the influence of the fire HRR decreased. This was due to the cold air caused by the air entrainment [3, 18] , which resulted in a decrease in temperature due to the neutralization of hot and cold air. In addition, the temperature difference increased in accordance with an increase in the fire HRRs. Hence, higher fire HRRs result in larger temperature differences, and an increase in height also results in larger temperature differences. Figure 7 illustrates the vertical temperature distribution in the stairwell, which describes the increase in temperature, as measured using different thermocouples at a certain height in the model, wherein they were varied with respect to the fire HRRs of 0.5 MW, 1.5 MW, 2.5 MW, and 3.5 MW.
Gao et al. [3, 16] developed a one-dimension model of the vertical temperature distribution in a stairwell at a stable stage, in which the vertical distribution of the temperature in the stairwell is an exponential model based on logarithms. Based on the multi-unit area simulation method, Gao et al. made some deductions from the temperature distribution model in a stairwell. They defined a control-element to analyze its energy and mass conservation issues, and put forward the following equation.
( )
When the control-element was infinitely small, it could be regarded as a micro-element. Then Equation (3) could be obtain based on Equation (2):
where z is the height, Tz is the temperature at point z, mz is the mass flow. Thereafter, in the steady flow state, the temperature distribution could be described as:
where C is a constant, me is the mass of air entrained into the stairwell through the bottom opening, mf is the mass flow rate of smoke entraining the stairwell from the fire room, k is a constant at stable state, T0 is the ambient temperature. Therefore, in this work, scattered temperature data was fitted in a non-linear manner based on the natural logarithm presented in Figure 7 , which can be expressed in the following form:
where y is the increase in temperature, as recorded using different thermocouples at a certain height; and x is the height of a given thermocouple. Figure 7 illustrates the vertical temperature distribution in the stairwell, which describes the increase in temperature, as measured using different thermocouples at a certain height in the model, wherein they were varied with respect to the fire HRRs of 0.5 MW, 1.5 MW, 2.5 MW, and 3.5 MW.
where z is the height, T z is the temperature at point z, m z is the mass flow. Thereafter, in the steady flow state, the temperature distribution could be described as:
where C is a constant, m e is the mass of air entrained into the stairwell through the bottom opening, m f is the mass flow rate of smoke entraining the stairwell from the fire room, k is a constant at stable state, T 0 is the ambient temperature.
Therefore, in this work, scattered temperature data was fitted in a non-linear manner based on the natural logarithm presented in Figure 7 , which can be expressed in the following form:
where y is the increase in temperature, as recorded using different thermocouples at a certain height; and x is the height of a given thermocouple. To better investigate the applicability and regularity of the mathematical models [15] [16] [17] and the changing trend of scatters expressed in Equation (5), the coefficients A, B, C, and the correlation coefficient R are listed for analysis in Table 4 . Equation (5) and Table 4 show that A is the pre-finger factor, B is the attenuation coefficient [32] [33] [34] , and C is the intercept on the y-axis.
From a comparison of the growth rates of A, B, and C, A was found to increase most rapidly in accordance with an increase in the fire HRR, given that a larger value of A indicates a more pronounced temperature difference. Hence, the effects on A due to the fire HRR were more significant. There are two principal reasons for this. On one hand, an increase in the fire HRR led to an increase in the mass flow rate of the overflow from the atria to the stairwell. On the other hand, To better investigate the applicability and regularity of the mathematical models [15] [16] [17] and the changing trend of scatters expressed in Equation (5), the coefficients A, B, C, and the correlation coefficient R are listed for analysis in Table 4 . Equation (5) and Table 4 show that A is the pre-finger factor, B is the attenuation coefficient [32] [33] [34] , and C is the intercept on the y-axis.
From a comparison of the growth rates of A, B, and C, A was found to increase most rapidly in accordance with an increase in the fire HRR, given that a larger value of A indicates a more pronounced temperature difference. Hence, the effects on A due to the fire HRR were more significant. There are two principal reasons for this. On one hand, an increase in the fire HRR led to an increase in the mass flow rate of the overflow from the atria to the stairwell. On the other hand, with an increase in the fire HRR, there was an increase in the temperature differences between the inside and outside of the stairwell, which resulted in the increase of air entrainment.
The attenuation coefficient B characterizes the rate of temperature decay and the slopes of curves. The increase in temperature of the thermal smoke indicates an increase in the heat radiation directed at the stairwell wall, and more heat is transferred outward. Hence, there is an increase in the rate of temperature decay in accordance with an increase in the fire HRR, i.e., B increases in accordance with an increase in the fire HRR.
In addition, the correlation coefficient R in the fitting functions above is greater than 0.987, which validates the fitting curves and further verifies the accuracy of the mathematical model. Hence, the mathematical model expressed by Equation (5) can be used as a reference to predict the temperature distribution in this type of stairwell in practical engineering applications.
Effects of Fire Locations
In the previous section, the influence of the fire HRR was evaluated, whereas in this section an analysis of the effect of the fire location is presented. In an actual accident case, the location of the fire source may be random due to the location of atria, meaning piled up flammable debris cannot be predicted; thus, the location of the smoke is also random, which has a significant influence on the flow of smoke. Moreover, changes in the location of the fire source lead to changes in the neutral surface. Therefore, it is necessary to study the influence of the fire location on the smoke flow and temperature distribution in the stairwell. To control the variables, the doors of the compartment of each stairwell were opened to form a stairwell model with laterally uniform openings. In addition, the simulation configurations of the fire sources were varied, as they were positioned on Floors 1, 5, 10, and 15.
To understand the flow state of the thermal smoke, the velocity vector fields at x = 8.5 m in the stairwell and atria room at different fire HRRs are presented in Figure 8 , which were compiled using Tecplot software [35] [36] [37] . As can be seen from Figure 8 , the entire flow field of the 21-floor stairwell was divided into three parts (I, II, III) according to the direction of airflow. Part I includes all the outlet airflow, part III includes all the inlet airflow, and part II includes the lift, which is referred to as turbulent airflow, wherein the airflow can be either inlet or outlet flow.
By changing the fire location from lower to higher heights in the simulation process, a regularity was found, in that the direction of the airflow in the openings below the fire location was considered as the "inlet". Hence, the amount of air entrainment was greater at a higher fire location. For example, if the fire is on Floor 1 (Figure 8a ), fresh air can only enter through a single opening; however, if the fire is on Floor 15 (Figure 8d) , the air entrainment can be formed by air from openings on Floors 1-14. However, the air from openings below is non-uniform. As can be seen from Figure 8d , the area near the fire location had a higher air entrainment capacity with high intensity speed vector arrows, i.e., the air flow was more turbulent near the fire source.
Moreover, from the data of the smoke flow direction, irrespective of the fire location, the smoke flow direction of the top three floors (Floors 19, 20, and 21) was "outlet". Therefore, the height of fire location has no influence of the quantity of the "outlet openings"; however, it may have an influence on the degree of airflow disorder. With an increase in the height of the fire location, there was an increase in the intensity of the airflow in the opening on Floor 21, as indicated by the more emphasized and disorderly arrows shown in the opening area.
Hence, it was briefly concluded that with an increase in the height of the fire location, there is an increase in the number of inlet openings (Part III), and the number of outlet openings (Part I) remain constant; thus, there is a decrease in the number of turbulent openings (Part II). These regular patterns (applicable when the fire is on Floors 1-18) can be expressed as follows: (6) where N outlet is the number of openings through which the direction of the airflow is outward, N outlet is the number of openings through which the direction of the airflow is inward, N turbulent is the number of openings through which the direction of the airflow is neither outward or inward, and N fire is the floor on which the fire source is present. As mentioned above, Figure 9 describes the simulation results in a stairwell with laterally uniform openings. To better evaluate the smoke flow in a uniform lateral opening stairwell, Figure 9 was obtained from the simulation data of the stairwell model with the opening at each floor. Moreover, Figures 9a-e differ with respect to the location of the fire source. The smoke was found to mainly flow in the stairwell above the fire source. This phenomenon is due to the difference between the air density and thermal smoke density, i.e., the pressure difference between the air and thermal smoke. It is, therefore, safer for a person to be situated downstairs in the stairwell after the initiation of the fire. Moreover, this makes it necessary for people to lean forward when evacuating a fire disaster. As mentioned above, Figure 9 describes the simulation results in a stairwell with laterally uniform openings. To better evaluate the smoke flow in a uniform lateral opening stairwell, Figure 9 was obtained from the simulation data of the stairwell model with the opening at each floor. Moreover, Figure 9a -e differ with respect to the location of the fire source. The smoke was found to mainly flow in the stairwell above the fire source. This phenomenon is due to the difference between the air density and thermal smoke density, i.e., the pressure difference between the air and thermal smoke. It is, therefore, safer for a person to be situated downstairs in the stairwell after the initiation of the fire. Moreover, this makes it necessary for people to lean forward when evacuating a fire disaster. As discussed above, the temperature distribution in the stairwell is mostly due to the thermal smoke flow. An increase in the smoke flow in certain areas leads to an increase in temperature. To quantify the impact of thermal smoke flow, the data collected by the thermocouples during the simulation in which the fire HRR was 1.5 MW were further evaluated. Herein, the fire location factor h* was defined as the relative location of the fire source in the entire building, which can be expressed as follows:
where h* is the fire location factor, h is the height of the fire source, and H is the total height of the building (H = 89.3 m). Table 5 presents the detailed data obtained from the simulation results by changing the fire location. As discussed above, the temperature distribution in the stairwell is mostly due to the thermal smoke flow. An increase in the smoke flow in certain areas leads to an increase in temperature. To quantify the impact of thermal smoke flow, the data collected by the thermocouples during the simulation in which the fire HRR was 1.5 MW were further evaluated. Herein, the fire location factor h* was defined as the relative location of the fire source in the entire building, which can be expressed as follows:
where h* is the fire location factor, h is the height of the fire source, and H is the total height of the building (H = 89.3 m). Table 5 presents the detailed data obtained from the simulation results by changing the fire location. The scattered data in Figure 10 were obtained from the third and fourth columns of Table 5 , which illustrate the relationship between the maximum temperature and fire source location. A linear relationship was found between the maximum temperature and the fire source location [16] , which could be fitted using the least squares method, and it is indicated by the red line in Figure 10 . Moreover, it can be expressed mathematically by Equation (8):
Hence, as can be seen from Equation (8) and Figure 8 , at the same fire HRR, changes in the height of the fire source led to changes in the maximum temperature, i.e., with a decrease in the fire location factor or height of the fire source, there was a linear decrease in the maximum temperature in the stairwell. This can be explained by the smoke flow and buoyancy plume. In the final section, Figure 10 reveals that the thermal smoke moves upward under the influence of the buoyancy plume. Therefore, there was a decrease in the space above the thermal smoke in accordance with an increase in the height of the fire. Consequently, the heat accumulation from the thermal smoke decreased, thus, the maximum temperature in the stairwell decreased. In general, an increase in the height of the fire location contributes to the safety of the environment with respect to public evacuation and the tolerance limit for high temperatures [38] [39] [40] .
The scattered data in Figure 10 were obtained from the third and fourth columns of Table 5 , which illustrate the relationship between the maximum temperature and fire source location. A linear relationship was found between the maximum temperature and the fire source location [16] , which could be fitted using the least squares method, and it is indicated by the red line in Figure 10 . Moreover, it can be expressed mathematically by Equation (8): Tm = −30.5 × h*+147.7 (8) Hence, as can be seen from Equation (8) and Figure 8 , at the same fire HRR, changes in the height of the fire source led to changes in the maximum temperature, i.e., with a decrease in the fire location factor or height of the fire source, there was a linear decrease in the maximum temperature in the stairwell. This can be explained by the smoke flow and buoyancy plume. In the final section, Figure  10 reveals that the thermal smoke moves upward under the influence of the buoyancy plume. Therefore, there was a decrease in the space above the thermal smoke in accordance with an increase in the height of the fire. Consequently, the heat accumulation from the thermal smoke decreased, thus, the maximum temperature in the stairwell decreased. In general, an increase in the height of the fire location contributes to the safety of the environment with respect to public evacuation and the tolerance limit for high temperatures [38] [39] [40] . The scattered data presented in Figure 11 were obtained from the fourth and sixth columns of Table 5 , and their distribution trend is in accordance with Figure 10 . Similarly, the relationship can be fitted using the least squares method, as expressed by Equation (9) . Moreover, Equation (8) and (9) differ with respect to the slope. Figure 11 reveals that the distance from the fire source determines the amount of thermal smoke and the HRR. In particular, the fresh air through the entrainment movement loses heat during its upward movement; thus, there is a gradual decrease in the temperature of the thermal smoke in accordance with an increase in the height of the fire location. The scattered data presented in Figure 11 were obtained from the fourth and sixth columns of Table 5 , and their distribution trend is in accordance with Figure 10 . Similarly, the relationship can be fitted using the least squares method, as expressed by Equation (9) . Moreover, Equations (8) and (9) differ with respect to the slope. Figure 11 reveals that the distance from the fire source determines the amount of thermal smoke and the HRR. In particular, the fresh air through the entrainment movement loses heat during its upward movement; thus, there is a gradual decrease in the temperature of the thermal smoke in accordance with an increase in the height of the fire location. The scattered data presented in Figure 12 were obtained from the third and fifth columns of Table 5 , thus representing tm (time required to reach maximum temperature) at different fire locations and an HRR of 1.5 MW. The majority of the scattered data was found to be distributed in the area between the two red lines in Figure 11 , i.e., the range of tm was 53-64 s for different fire location factors. Hence, to an extent, the fire location has a slight influence on the duration of the thermal smoke flow. However, when the fire was in the atria of Floor 1 (h* = 0.002), tm was significantly longer. This is because in comparison with the others, the fresh air required to support combustion flowed only from the first floor and upper space. However, with an increase in the height of the fire, the fresh air could be obtained from the space below and above. In particular, with an increase in h*, the fire developed at a higher rate with increased air entrainment, which transferred more oxygen from the outside. Moreover, below the colored area, there are two data points (h* = 0.76 and h* = 0.86 with corresponding fire locations on Floors 17 and 19), which indicate a shorter tm in the simulation. This may be because the shorter path of the stack effect resulted in faster smoke flow, and therefore, a shorter time was required to reach the maximum temperature. Relationship between height of maximum temperature (Z Tm ) and maximum temperature (T m ).
The scattered data presented in Figure 12 were obtained from the third and fifth columns of Table 5 , thus representing t m (time required to reach maximum temperature) at different fire locations and an HRR of 1.5 MW. The majority of the scattered data was found to be distributed in the area between the two red lines in Figure 11 , i.e., the range of t m was 53-64 s for different fire location factors. Hence, to an extent, the fire location has a slight influence on the duration of the thermal smoke flow. However, when the fire was in the atria of Floor 1 (h* = 0.002), t m was significantly longer. This is because in comparison with the others, the fresh air required to support combustion flowed only from the first floor and upper space. However, with an increase in the height of the fire, the fresh air could be obtained from the space below and above. In particular, with an increase in h*, the fire developed at a higher rate with increased air entrainment, which transferred more oxygen from the outside. Moreover, below the colored area, there are two data points (h* = 0.76 and h* = 0.86 with corresponding fire locations on Floors 17 and 19), which indicate a shorter t m in the simulation. This may be because the shorter path of the stack effect resulted in faster smoke flow, and therefore, a shorter time was required to reach the maximum temperature. The scattered data presented in Figure 12 were obtained from the third and fifth columns of Table 5 , thus representing tm (time required to reach maximum temperature) at different fire locations and an HRR of 1.5 MW. The majority of the scattered data was found to be distributed in the area between the two red lines in Figure 11 , i.e., the range of tm was 53-64 s for different fire location factors. Hence, to an extent, the fire location has a slight influence on the duration of the thermal smoke flow. However, when the fire was in the atria of Floor 1 (h* = 0.002), tm was significantly longer. This is because in comparison with the others, the fresh air required to support combustion flowed only from the first floor and upper space. However, with an increase in the height of the fire, the fresh air could be obtained from the space below and above. In particular, with an increase in h*, the fire developed at a higher rate with increased air entrainment, which transferred more oxygen from the outside. Moreover, below the colored area, there are two data points (h* = 0.76 and h* = 0.86 with corresponding fire locations on Floors 17 and 19), which indicate a shorter tm in the simulation. This may be because the shorter path of the stack effect resulted in faster smoke flow, and therefore, a shorter time was required to reach the maximum temperature. 
Conclusions
In this study, a set of simulations was conducted using the LES method to evaluate the transport phenomena of fire-induced smoke flow in a 21-story stairwell model. The influences of the fire location and HRR on the flow field and temperature distribution were analyzed, respectively.
The results can be presented as follows:
(1) With an increase in the fire HRR, there is an increase in the velocity of the smoke flow, followed by more pronounced wall attachment effects. It is mainly because the fire strength determines the buoyancy of smoke flow. Higher fire HRRs result in larger temperature differences, and an increase in height also results in larger temperature differences. The temperature difference in the near-fire area is greater, whereas an increase in the height leads to a lower increase in temperature. The vertical distribution of the temperature is in accordance with natural logarithms.
(2) The heights of openings and fire locations have a great influence on the turbulent mixing movement. Changes in the height of the fire location leads to changes in the direction of air flow through the side openings. With an increase in the height of the fire location, different amounts of ambient air flowing into the stairwell have a significant influence on the combustion process and smoke flow. Moreover, most previous studies were conducted in stairwells with openings set at a fixed height. Moreover, a relationship among N outlet , N inlet , and N turbulent was established (applicable on floors 1-18).
(3) A linear relationship was found between the maximum temperature and the fire source location, i.e., the relationship between the fire location factor h* and maximum temperature T m , in addition to that between the maximum temperature T m and height at which the maximum temperature Z Tm is located, can be linearly fitted using the least squares method.
In general, over-all good agreement was obtained in previous studies [41, 42] . Moreover, given the good agreement, insights regarding the smoke motion can be obtained from simulation results [43, 44] . The results in this paper could help researchers further understand the thermal smoke flow, as well as turbulent mixing in stairwells. Simulations and even experiments with more configurations will be conducted in the future to verify the proposed expressions and classify a new phenomenon. 
